Abstract: Permeability of cementitious materials is an important durability indicator. In practice, concrete is rarely saturated. Therefore, it is essential to study permeability of unsaturated cementitious materials. This paper presents an integrated modelling approach for estimating permeability of cementitious materials over the full range of saturation. An in-house code based on multiphase and single-phase lattice Boltzmann models is developed and used to simulate the moisture distribution and fluid flow in unsaturated cement paste with various curing ages, the 3D microstructures of which are obtained from X-ray micro-CT. The water permeability and gas permeability of partially saturated cement paste are then estimated. The results indicate with decreasing water saturation water permeability decreases while gas permeability increases. Additionally, the moisture distribution and permeability of unsaturated cement paste are strongly dependent on its microstructure. Moreover, there exists a unique relationship between permeability and effective porosity. The simulation results show good agreement with experimental data.
Introduction
Concrete is a composite material primarily composed of aggregate, cement and water. It is the most widely used man-made material in the world. The cement, commonly Portland cement and other cementitious materials such as fly ash and slag cement, serve as a binder for the aggregate. In recent years, durability of concrete has become a main concern for safety, economic and environmental reasons. It is well known that durability issues, such as chloride-induced corrosion of reinforcing steel, carbonation, freeze-thaw action and so on are closely associated with fluid and ion transport in cementitious materials. As such, fluid permeability (e.g. water permeability and gas permeability) of cementitious materials is considered as an important indicator to evaluate the durability and predict the service life of reinforced concrete structures [1] . In practice, concrete is rarely in a state of full saturation during construction and throughout its long lifetimes due to self-desiccation and wettingdrying cycles [2] . In addition, the corrosion of reinforcing steel in concrete occurs only in an unsaturated state, whereby the oxygen can get access to the rebar surface. Therefore, it is vital to estimate permeability of partially saturated cementitious materials in order to make an accurate prediction of service life and assessment of durability of reinforced concrete structures.
Because of its scientific interests and practical importance, permeability of unsaturated cementitious materials has been recently receiving growing attention. In the last few years, an increasing number of efforts have been made to experimentally, analytically and numerically investigate the influence of degree of water saturation on permeability of cementitious materials.
However, it should be noted that to date only a limited amount of results have been presented.
With respect to experimental studies, Abbas et al. [3] measured the oxygen permeability of cementitious materials with various moisture contents between the saturated state and perfectly dry using the CEMBUREAU apparatus. The cylindrical specimens with 15 cm in diameter and 5 cm in thickness were prepared and used for testing. The measured value of oxygen permeability of cementitious materials not only depended strongly on its degree of saturation but varied with the applied pressure. Galle and Daian [4] carried out gas permeability tests on unsaturated hardened cement pastes prepared with CEM I and CEM V cement with water-to-cement (w/c) ratios of 0.3, 0.4 and 0.5 and reported that the gas permeability of cement pastes was significantly influenced by degree of water saturation and microstructural characterisations of the specimens, such as porosity and pore size distribution. The relationship between gas permeability and degree of water saturation followed a nonlinear regression. The evolution of water and gas permeability of partially saturated cementitious materials was tested in [5] [6] [7] . The relative water permeability (i.e., the ratio between the water permeability measured at a given saturation and that at fully saturated state) and relative gas permeability (i.e., the ratio between the gas permeability measured at a given saturation and that at fully dry state) were defined and determined as a function of water saturation to quantify the effect of water saturation on permeability of cementitious materials. The experimental results all showed that the water and gas permeability strongly depended on the degree of saturation. In addition, a drastic influence of saturation was observed on the relative permeability of water and gas. Zamani et al. [8] reported measurements of the permeability of cement paste as a function of relative humidity using magnetic resonance profiling and found that the permeability of cement paste was strongly relative humidity dependent. Note that the tests are usually time-consuming taking from several weeks to several months or even longer. Moreover, it is still a challenging task to obtain and maintain a desired degree of water saturation of the specimens during the tests [2] .
As to analytical studies, the Mualem model [9] and the Van Genuchten model [10] were the two most widely used analytical expressions to describe permeability of unsaturated porous media, e.g., soils and cementitious materials, as a function of degree of saturation. Based on a series of experimental results, Monlouis-Bonnaire et al. [6] and Wardeh and Perrin [7] proposed a modified Van Genuchten model, which was subsequently validated by Baroghel-Boundy [11] . Recently, some general analytical models for fluid permeability of cementitious materials against degree of saturation were derived from conductivity theory and proposed by Zhou [12] and Zhou et al. [13, 14] . It is worth mentioning that most of these analytical models are semi-empirical expressions by fitting the limited experimental data. A further validation of these models with more experiments is required before their applications.
In regard to numerical studies, Martys [15] is the pioneer to introduce lattice Boltzmann (LB) method into the field of transport properties prediction for partially saturated cementitious materials.
Martys and Hagedorn [16] used a single-phase multi-component LB model to simulate the distribution of wetting fluid (e.g. liquid) and non-wetting fluid (e.g. gas) and the relative fluid permeability in a sandstone. It was observed that there was a significant dependence of fluid permeability on degree of saturation. However, the used LB model is only available for the liquidgas mixture with a density ratio of less than 58 [17] . The water-gas system whose density ratio is approximately 1000/1.29 = 775 is beyond the capacity of this model. In recent years, Zalzale and McDonald [18] , Zalzale et al. [19] and Li et al. [20] studied the liquid water permeability and gas permeability of partially saturated cement paste using LB method and discrete element method, respectively, and found that the relative permeability values of cement paste were not only dependent on degree of saturation but also on three-dimensional (3D) microstructure of cement paste. However, it should be mentioned that the 3D microstructures used in [19, 20] were virtual microstructures generated by computer-based models, which might not be able to well represent the real microstructures of cement paste and need further validation. In addition, a prescribed degree of water saturation was simulated by removing a specific amount of water from the large pores in the virtual pore structure of cement paste, which is rather arbitrary and far from accurate, as the distribution of liquid and gas in cement paste at a certain degree of water saturation depends not only on the pore size but also on other microstructural characteristics, e.g., connectivity of pore network and morphology of solid surface [21] . Furthermore, the used LB model in [19] is a single-relaxation-time (SRT) model, which has been proved to be viscosity-dependent, i.e., the dependence of simulation results on the selected relaxation time, an input parameter for LB simulations [17, 22] .
The main purpose of this paper is to present a pore-scale modelling of water permeability and gas permeability of cement paste with various levels of water saturation accounting for microstructural details. The 3D microstructures of hardened cement paste with curing ages of 1, 7 and 28 days were obtained from high-resolution X-ray computed microtomography (micro-CT) along with a series of image processing. A modified multiphase LB model is developed and applied to simulate the interactions between liquid, gas and solid phases and subsequently acquire the equilibrium distribution of moisture (a mixture of liquid and gas) in 3D pore structure of cement paste at different degrees of water saturation. Afterwards, a single-phase multiple-relaxation-time (MRT) model, which can effectively overcome the drawbacks of SRT model, is implemented and used to simulate the fluid flow (e.g. water and gas) through cement paste over the full range of water saturation and obtain the corresponding water permeability and gas permeability of cement paste. Thus, the influences of both degree of water and saturation and 3D microstructure on permeability of partially saturated cement paste are investigated in a quantitative manner, the results of which are compared with available experimental data in the literature.
2. 3D microstructure of cement paste obtained from X-ray micro-CT 2.1 X-ray micro-CT images X-ray micro-CT is a non-destructive technique that allows the visualisation of the internal structure of a sample in three dimensions. In this work, the 3D microstructure of cement paste was obtained from X-ray micro-CT scans. ASTM type I Portland cement was used. The w/c ratio of the cement paste was 0.5 (mass ratio). After drill mixing in a plastic beaker, small parts of the paste were poured into the syringe and then injected into a micro plastic tube with an internal diameter of 250 µm. The specimen was stored in the standard curing room with a relative humidity of 95% and temperature of 20 ºC and scanned at 1, 7 and 28 days. A high resolution Xradia MicroXCT-200 CT scanner at the Beckman Institute for Advanced Science and Technology at the University of Illinois at UrbanaChampaign was used for acquiring projection images with a spatial resolution of 0.5 µm. The image reconstruction was performed using the algebraic method implemented in the Xradia reconstruction software that results in a 3D stack of virtual 8-bit cross-section images with grayscale values from 0 to 255. More details about the X-ray micro-CT testing can be found in [23] .
A cylindrical region of interest (ROI) with 200 µm in diameter and 100 µm in thickness was extracted from the centre of the reconstructed 3D images where the cement paste is considered to be most homogeneous. Fig. 1 shows the micro-CT grey images of ROI of cement paste with curing ages of 1, 7 and 28 days, respectively. The dark phase represents capillary pores. The white phase stands for anhydrous cement grains. The grey phases most likely correspond to hydration products. The hydration of cement proceeds with increasing curing age, as a result of which cement (i.e. white phase) and water (i.e. dark phase) are continuously consumed and an increasing number of hydration products (i.e. grey phase) appear in cement paste. In order to identify these three phases in cement paste, i.e., capillary pore, hydration product and anhydrous cement grain, and quantify their volume fractions, a series of image processing and analysis are required, the details of which are given below. and implemented by using ImageJ to determine two threshold grey values to segment pores from anhydrous cement grains and hydration products, and subsequently segment anhydrous cement grains from hydration products, respectively. As a result, the original grey scale image is converted into a ternary image composed of capillary pore, anhydrous cement grain and hydration product. Fig. 2 shows the segmented capillary pore and anhydrous cement grain in 7-day old cement paste corresponding to the original image in Fig. 1b . With this ternary image, the microstructural characteristics of cement paste, in particular, pore structural features, such as porosity, pore size distribution, connectivity and tortuosity of the pore network, can be obtained in a quantitative manner after a series of image analysis. The reader is referred to [24, 25] for further information on image processing and analysis. Here special emphasis is only placed on the porosity, pore size distribution and 3D microstructure of volume of interest (VOI) of cement paste with various curing ages.
The porosity of cement paste at 1, 7 and 28 days is found to be 27.3%, 18.9% and 13.5%, respectively. It should be pointed out that the individual phase with size less than 0.5 µm cannot be identified separately due to the limited spatial resolution of micro-CT, i.e. 0.5 µm. Therefore, some pores smaller than 0.5 µm would not be counted into the porosity here, as a result of which the porosity values obtained from micro-CT images is generally less than those measured by means of conventional techniques, e.g., mercury intrusion porosimetry (MIP). For a detailed discussion about the comparison between the porosity values determined using micro-CT, MIP and Power's model, see Zhang et al. [23] . As curing age increases, the porosity of cement paste decreases. Fig. 3 shows the obtained pore size distribution of cement paste with curing ages of 1, 7 and 28 days. It can be observed that pore size is reduced with increasing curing age due to the progress of cement hydration.
In addition, cement paste at 1 day contains more big pores compared to 7 and 28-day old cement pastes. The representative elementary volume (REV) for transport properties of cement paste was found to be 100 × 100 × 100 µm 3 [26] . Therefore, a cubic volume of interest (VOI) of 100 × 100 × 100 µm 3 was extracted from the centre of ROI for following simulations. The 3D microstructure and pore structure of VOI of cement paste with curing ages of 1 day and 7 days are shown in Fig. 4 . 
General lattice Boltzmann model
The LB method is a recently developed numerical scheme based on microscopic particle dynamics that provides solutions to macroscopic hydrodynamics. In LB method, the physical and velocity space is discretized into a regular lattice of nodes and a set of microscopic velocity vectors, respectively.
Each lattice node contains a particle distribution function, ( , ), in which i is the index of each velocity direction, x is the location of the lattice node and t is time. Fluids are modelled as swarms of streaming and colliding particles. The evolution of particle distribution functions in time can be given according to the discrete LB equation:
where Ω stands for the collision operator, which can be described using the SRT and MRT approximation. The left-hand side of the equation represents the streaming of particles by passing the particle distribution at each node to its neighbouring nodes. The right-hand side denotes the collision of particles.
The LB equation with SRT scheme for each lattice velocity is described as [27] 
where fi and fi eq are the non-equilibrium and equilibrium particle distribution functions at location x at time t, is the relaxation time which is related to the kinematic viscosity of fluid ( ) as = 2 ( − 0.5) with sound speed or propagation speed of 2 = 1/3(∆ /∆ ) 2 , herein, the lattice-spacing ∆ and time-step ∆ are defined as 1 lu and 1 ts (lu and ts refer to lattice units and time step respectively in the LB method), ei is the microscopic velocity at location x at time t. For 3D LB simulations, the most widely used lattice model is D3Q19 (see Fig. 5 ), in which the 3D discrete phase space is defined by a cubic lattice with 19 discrete particle velocities as 
For the D3Q19 model, the equilibrium particle distribution function fi eq is given by   The simplicity of SRT model has motivated its widespread use. However, this model has two significant drawbacks: numerical instability and the so-called viscosity dependence, i.e., the dependence of permeability of porous media on the used relaxation time [17] . These inherent shortcomings can be drastically reduced by using MRT collision scheme [17] . In this work, an inhouse 3D LB code, PermLBS, based on the MRT model proposed by d'Humières et al. [28] was developed to simulate single-phase fluid (e.g., water and gas) permeation through porous media, e.g., cementitious materials. A brief introduction to this model is given below.
The essential difference between the SRT model and MRT model is the collision operator Ω in Eq. 1. The collision operator of MRT model is given by
where the collision matrix ̂= −1 is a diagonal relaxation matrix, the transformation matrix M relates the distribution functions f and f eq to their moments m and m eq as , eq eq Mf Mf  mm (7) where the transformation matrix M can be constructed from the monomials of Cartesian components of the discrete velocities by applying the Gram-Schmidt orthogonalization procedure [28] . The row vectors of M are mutually orthogonal, i.e., M -1 M T is a diagonal matrix, but not normalized, so that its matrix elements are integers. 
The relaxation rate is related to the kinematic viscosity of the fluid as 21 61
The remaining relaxation rates, i.e., , , , and can be freely chosen within the range from 0 to 2 and can be adjusted to improve the accuracy as well as the stability of the MRT model. A good choice of these relaxation rates for stokes flow is given by Eq. 10. The optimal values of ̂ and M and the transformations of m eq for D3Q19 model can be found in [28] .
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The SRT model is actually a special case of MRT model, in which the relaxation rates are all equal and set to 1/ . However, the tunable relaxation rates in MRT model provide several advantages and wider application over SRT model. The implementation of MRT model is straightforward, which consists of two main steps: collision and streaming. The collision step is to calculate the distribution function components in Eq. 2 as * ( , ) = ( , ) + Ω and the streaming step is to propagate * ( , ) to the neighbouring nodes and generate the non-equilibrium distribution function for the next time step as ( + ∆ , + ∆ ) = * ( , ). After this, the density and velocity at each lattice node are updated using Eq. 5. In order to validate the PermLBS module, three benchmark tests including the 3D Poiseuille flow in a square channel, flow through a body-centred cubic array of spheres and a random sphere packing were performed, the results of which show good agreement with the analytical solutions. The reader is referred to [22] for more details.
Modified Shan-Chen multiphase lattice Boltzmann model
In order to obtain an accurate moisture distribution and to estimate permeability in partially saturated cement-based materials, it is essential to simulate the multiphase flow. In this work, the Shan-Chen (SC) multiphase model [29] that is one of the most commonly used multiphase models due to its simplicity, ease of implementation and remarkable versatility [30] is chosen and modified in order to simulate the high-density ratio multiphase system like liquid-gas system with a density ratio of about 775 at 20 °C and variable wettability, i.e., contact angle of the liquid/gas to the solid surface. The (11) Microscopically, the separation between two phases is the result of fluid-fluid interaction force. In the SC model, the fluid-fluid interaction force Fint between the fluid particles at lattice location x and its closest neighbouring nodes at time step t is given by [29]    
where G is the coefficient of the attractive forces between fluid particles which represents the intensity of the interparticle interaction, is the so-called "effective mass" which is a function of local density ( ). The value of G is negative for attraction and positive for repulsion between particles. Increasing G within the critical value will lead to a tendency towards phase separation and a sharper interface.
The "effective mass" function directly relates to the interaction force. The forms of control the detailed nature of the interaction potential and determine the equation of state (EOS) of the fluid system. In the SC model, and EOS are written as [31] 
It was found that the original SC model is only applicable to the liquid-gas system with a density ratio of less than 58, however, this drawback can be overcome by replacing the SC EOS with
Carnahan-Starling (C-S) EOS described as [32]       [32] .
Following the recommendations of [33] , the adhesion force between liquid/gas phase and solid phase in the SC model Fads can be modified and given by
where is the virtual density of the solid phase which is a free parameter applied to denote different wettability, ( + ∆ ) is an indicator function which is set to 1 if the neighbouring lattice site ( + ∆ ) is a solid node and to 0 otherwise. The adhesion force emerges once the neighbouring node of a fluid node is solid. By varying the value of , the different contact angle between fluid and solid surface can be obtained conveniently.
In order to validate the SCMPLBS module based on the modified SC model, two benchmark tests including bubble tests and contact angle test were carried out, which indicate that the SCMPLBS module has the capacity to simulate the realistic multiphase flow phenomena, such as liquid-gas phase segmentation and variable wettability. Detailed information about the validation of SCMPLBS can be found in previous work [21] .
Modelling and simulation
The entire modelling procedure for relative permeability of cement-based materials consists of three main steps: mapping of 3D microstructure onto a discrete lattice, modelling of equilibrium distribution of moisture using modified SC multiphase model and modelling of water and gas permeability using single-phase MRT model. Each step is explained in detail below. 
Modelling of equilibrium distribution of moisture
The SCMPLBS module based on the modified SC multiphase LB model is used to simulate the liquidgas and liquid/gas-solid interactions, and to establish the equilibrium distribution of moisture (i.e., a mixture of liquid and gas phases) in cement paste with various degrees of water saturation. At the beginning, the fluid nodes in the cubic lattice are saturated with a random homogeneous mixture of liquid and gas phases with a specific volume ratio that corresponds to a given degree of water saturation, Sw. Fig. 6 shows an example of the initial random distribution of moisture at Sw = 50% and Sw = 72% in 7-day old cement paste, the microstructure of which is shown in Fig. 4 . Afterwards, a set of parameters, e.g., T and as explained in Section 3.3, need to be determined for LB simulation of fluid flow in cementitious materials. The physical density ratio between liquid and gas is 1000/1.29 = 775. Therefore, a suitable value for T, present in Eq. 15, should be chosen in order to meet the requirement of such density ratio of water and gas in lattice units. As shown in the bubble test for a liquid-gas system [21] , a value of T = 0.585 yields a density ratio of liquid and gas phases of 0.4152/0.00053 = 783. So, the initial liquid and gas densities in LB units are set to be 0.4152 and 0.00053, respectively. In addition, it is commonly assumed that the contact angle between liquid and solids in cementitious materials is zero. For this reason, the virtual density of solid nodes , present in Eq. 16, is set to be close to the density of liquid phase, which leads to a zero contact angle, i.e., the solid phase is completely wetted by liquid [21] .
At each time iteration, the system proceeds in three substeps. First, the particle distributions are streamed to respective nodes. On the pore-solid interface, the half-way no-slip bounce-back boundary condition [34] is imposed, as a result of which the distribution functions from the fluid node streaming to their neighbouring solid nodes scatter back to the fluid node along its incoming direction. Second, the macroscopic density and velocity are determined from these new particle distributions, and when present, with the inclusion of an exterior force as stated in Section 3.3. Third, the equilibrium particle distribution is obtained and the particle distribution undergoes collision. The interaction between liquid, gas and solid phases is assumed to have reached an equilibrium state once the relative difference of the macroscopic density of liquid phase in the system at time step t and (t-1000) calculated by Eq. 5 is less than 10 -5 .
Afterwards, the obtained equilibrium distribution of liquid and gas phases in cement paste with various degrees of water saturation is considered as the initial condition for the estimation of connectivity of liquid-filled and gas-filled pores, which is carried out using the in-house Perc3d module based on cluster-labelling algorithm [23] . On one hand, each gas voxel is converted to a solidlike voxel resulting in a new domain that consists of liquid-filled pore voxels, solid-like voxels and solid voxels. Using the Perc3d module, the connected and isolated liquid-filled pore voxels in the new domain are identified, based on which the connectivity of liquid-filled pores under various saturation degrees is quantified. Moreover, the critical degree of water saturation at which the liquidfilled pores become disconnected can be obtained. On the other hand, the connectivity of gas-filled pores is estimated in the same way by converting each water voxel to a solid-like voxel.
Fig. 6
Initial random distribution of liquid and gas phases in pore structure of 7-day old cement paste: (a) Sw = 50%; (b) Sw = 72%. Blue and grey phases represent liquid and gas, respectively
Modelling of water/gas permeability
Once the equilibrium distribution of liquid and gas phases in partially saturated cement paste is obtained, the LB simulation of permeability can be conducted using the PermLBS module. In the simulation, a pressure (density) difference is applied at the inlet and outlet sides in the z-direction to drive the flow, which is dealt with using the non-equilibrium bounce-back rule proposed by Zou and
He [35] . The other four sides are considered as periodic boundaries so that the nodes of opposite boundaries are treated as neighbouring. As such, the particle distributions moving out the domain from one side will re-enter the domain through its opposite side during the streaming step. The halfway no-slip bounce-back boundary condition is applied to the pore-solid interface.
The simulation is run until the steady-state flow condition is reached. The steady-state flow criterion is defined such that the difference in the average velocity of the whole domain between two consecutive time steps is less than a specified threshold value. This threshold value is selected to be 1.0 × 10 -7 , which was found not only sufficient to guarantee the computational accuracy but also helpful to reduce the computing time and memory requirements. Once the steady-state flow condition is achieved, the flow velocity distribution within cement paste with various saturation levels can be acquired and the corresponding water/gas permeability can be calculated according to Darcy's law and written in terms of LB parameters as follows
where is the intrinsic permeability in LB units, is the kinematic viscosity of fluid, < > represents the overall mean value of velocity in the z-direction, ∇ is the pressure gradient, Δ denotes the density difference between the inlet and outlet, Nx, Ny and Nz are the numbers of lattice node in the x, y and z-direction, respectively. Here, Nx = Ny = Nz = 200.
In the physical system, the intrinsic permeability of a porous material, , has dimensions of length squared. Using the unit conversion as described above, the intrinsic permeability in physical units can be derived from that in LB units, i.e., , according to the relation = 
Results and discussion

3D equilibrium distribution of water and gas phases
Following the modelling and simulation procedure described in Section 4.2, the 3D equilibrium distribution of moisture, i.e. liquid-gas mixture in hardened cement paste at various saturation levels can be obtained. Fig. 7 shows the equilibrium distribution of moisture in microstructure and pore network of 7-day old cement paste with water saturation of 50% and 72% respectively, which corresponds to the initial random distribution of moisture as depicted in Fig. 6 . The red colour in the figure represents the solid phase consisting of hydration products and anhydrous cement grains. The blue colour and light grey colour stand for the liquid phase and gas phase in pore structure, respectively. As can be seen in Fig. 7 , the liquid covers the surface of solid phase and tends to fill the pores with smaller size, while the gas phase tends to occupy the central region of larger pores and forms many gas phase clusters. The liquid-filled pores provide possible paths for water movement and ion transport, while the gas phase clusters act as obstacles to water movement and ion transport but serve as the possible pathways for gas transport, e.g. diffusion of carbon dioxide and oxygen permeation, in unsaturated cementitious materials. It should be pointed out that the used microstructure of cement paste was obtained from X-ray micro-CT, i.e. voxel-based. The limited spatial resolution of CT images may affect the equilibrium distribution of liquid and gas phases in the pore network. In this study, this influence can be roughly ignored, as the equilibrium moisture content is quantified from the number of voxels occupied by liquid and gas phases, respectively.
In order to clearly illustrate the distribution of moisture in pore structure of partially saturated cement paste, the liquid-filled and gas-filled pores are extracted and shown in Figs. 8a and 8b, respectively. It can be seen from Fig. 8a that the liquid-filled pore network is rather complex and comprised of a number of small pores. This can be attributed to the fact that the liquid lies mostly on the surface of solid phase and the network of liquid-filled pores is strongly dependent on the tortuosity of solid surface. In addition, some liquid-filled pores are connected to each other and form a connective liquid-filled pore network from one face of the cube to the opposite face, while the other liquid-filled pores are isolated from them. In comparison with the liquid-filled pore network, the gasfilled pore network consists of more large pores but less clusters. As the degree of water saturation decreases, more and more pores, in particular, the regions in large pores are gradually occupied by gas phase. Therefore, the 3D equilibrium distribution of liquid and gas phases in cementitious materials depends not only on the degree of water saturation but also on the pore structure and the solid phase in terms of shape, size, connectivity and tortuosity, which are all included in the 3D microstructure of cementitious materials. The obtained 3D equilibrium distribution of moisture in cement paste at various saturation levels can be used as input to estimate the corresponding connectivity of liquid-filled and gas-filled pore network and to simulate the permeation of water and gas in partially saturated cementitious materials, the results of which are presented in the following sections. be seen that in a fully saturated condition some liquid-filled pores are entirely isolated from the rest of the liquid-filled pores (see Fig. 8a ) and the connectivity of liquid-filled pores for cement paste decreases with increasing curing age: from 96% (1 day) to 87% (7 days) and 60% (28 days). This is due to the reduction in porosity and pore size of cement paste with the increase in curing age, which can be seen in Fig. 3 . As the water saturation decreases, the connectivity of liquid-filled pores gradually decreases followed by a sharp decline until the critical water saturation is reached. In comparison with cement paste at 1 day of curing, the decreasing tendency in connectivity of liquidfilled pore space at 7 and 28 days is more obvious, which is due to the relatively lower porosity and a more refined pore network with higher proportion of small pores in cement paste at 7 and 28 days compared to those at 1 day. At low water saturation, the liquid-filled pore network becomes more tortuous since the gas phase tends to occupy the central part of larger pores while the liquid phase prefers to cover the solid surface and fill in smaller pores (see Fig. 7 ). This effect is more pronounced for cement paste at 28 days, as a result of which the connectivity of liquid-filled pore network decreases much more rapidly than that in cement paste at 1 and 7 days of curing. It is worth mentioning that the 3D microstructure of cement paste used in this work was obtained from X-ray micro-CT scans with a limited resolution of 0.5 µm. The pores smaller than 0.5 µm cannot be detected and included in the obtained 3D pore structure, which may affect the equilibrium distribution of liquid and gas phases in the pore network at a specific degree of water saturation and the corresponding connectivity of liquid-filled pores and gas-filled pores. In order to overcome such limitation, micro-CT images with a relatively higher resolution are required. This is the subject of ongoing research, the results of which will be presented in future publications.
As seen in Fig. 9 , there exist critical water saturations for cement paste with curing ages of 1, 7 and 28 days, which are found to be 35%, 41% and 56%, respectively. This result implies that the critical water saturation is highly associated with the microstructure of cement paste. The specimen with a higher porosity and larger pores but lower tortuosity has higher critical water saturation. By multiplying the critical water saturation by porosity of specimen, the critical liquid-filled porosity can be obtained. It represents the liquid-filled porosity when the liquid-filled pores are disconnected and the water permeability disappears. It is also known as 'percolation threshold'. It can be calculated that the values of critical liquid-filled porosity for cement paste with curing ages of 1, 7 and 28 days are 9.6%, 7.7% and 7.6%, respectively. This result is in good agreement with previous findings that the percolation threshold of capillary pores in cementitious materials is about 9% porosity [23, 36] . Fig. 10 shows the connectivity of gas-filled pores in cement paste with curing ages of 1, 7 and 28 days as a function of degree of water saturation. As expected, the connectivity of gas-filled pore network decreases with increasing water saturation: an initial gradual decrease followed by a sharp drop until the critical saturation. Such a change in connectivity for gas-filled pores with water saturation seems to be a little bit more noticeable than that for liquid-filled pores. This can be explained by the difference in the distribution between liquid and gas phases in pore structure of cement paste at various saturation levels. As mentioned above, the gas phase lies in the middle of pores (see Figs. 7 and 8) . Thus, it would be easy for gas-filled pores to become isolated as water saturation increases. In contrast, the liquid phase tends to cover the solid surface and typically forms thin layers around the solid surface, as a result of which it would be easier for liquid phase to form continuous paths through the pore space relative to gas phase. In addition, the difference in the connectivity of gas-filled pores between 7 days and 28 days is more apparent than that between 1 day and 7 days over the entire range of water saturation, which indicates that the connectivity of gas-filled pore network is highly dependent on 3D microstructure. With the obtained equilibrium distribution of liquid and gas phases in cement paste at various saturation levels, the permeation of water and gas through partially cement paste can be subsequently simulated following the modelling procedure described in Section 4.3. The simulation is run until the steady-state flow condition is reached. Fig. 11 shows the steady-state streamline along the flow direction from bottom to top within 7-day old cement paste at a water saturation of 72%, the corresponding microstructure and liquid-filled pore network of which can be seen in Figs. 4 and 7 . It should be pointed out that in the simulation the gas-filled pores, i.e., 28% of total porosity, are classified into impermeable solid-like nodes and act as obstacles for water permeation. As seen in Fig. 11 , the water flow is restricted by the impermeable phase composed of anhydrous cement, hydration product and gas, and only passes through the liquid-filled pores. The streamlines have a tortuous configuration and follow the liquid-filled pore network. In addition, it can be observed from the velocity distribution shown in Fig. 11b that the flow velocity at some positions (i.e., in dark red)
is obviously greater than that in other regions. These positions probably correspond to the small liquid-filled pores. This result clearly indicates the flow velocity distribution in partially saturated cement paste is highly related to the liquid-filled pore size distribution. Furthermore, it indicates the LB method used in this study provides insight into the internal velocity distribution at the pore scale and allows one to detect preferential flow paths within the specimen with various degrees of water saturation. Therefore, the LB simulation offers a significant potential for new fundamental insights and comprehensive understanding of fluid flow processes in cementitious materials over the whole range of saturation.
Based on the simulated steady-state flow velocity, the intrinsic permeability in LB units, , can be calculated according to Eq. 17 and then converted to intrinsic permeability in physical units (m 2 ),
. Fig. 12 shows the intrinsic water permeability of cement paste with curing ages of 1, 7 and 28 days as a function of effective liquid-filled porosity, which is equal to liquid-filled porosity of cement paste specimen multiplied by connectivity of liquid-filled pores related to water saturation, as discussed in the previous section. As expected, the intrinsic water permeability decreases with the decrease in effective liquid-filled porosity. The decrease in intrinsic permeability is initially stable but becomes more pronounced when the effective liquid-filled porosity is relatively low and approaches the percolation threshold. At the same effective liquid-filled porosity, the intrinsic water permeability of cement paste at different ages of curing is found to be very close to each other. Moreover, it can be observed that there exists a strong correlation between the intrinsic water permeability and effective liquid-filled porosity regardless of curing age of cement paste. This result is in consistent with the previous findings for cementitious materials that there is clearly a unique relationship between the water permeability and effective porosity [22] .
It should be mentioned that the simulated intrinsic water permeability of saturated specimens seems to be 2 or 3 times higher than experimental data from literature shown in [18, 22, 37] . This can be attributed to the fact that (i) the saturation conditions of specimens in simulations and experiments are generally not the same. In practice, it is difficult if not impossible to realize a full saturation state and the specimens for laboratory permeability testing may not be fully saturated [20] .
(ii) the permeability tests usually last several days or weeks or even months to reach a steady-state flow condition. During this period, the cement hydration proceeds and microstructure changes. Thus, the ages of specimens for simulations are not exactly the same with those of specimens achieving steadystate flow conditions for measurements. Therefore, the water permeability measured in the experiments should be underestimated, especially in the later stage [22] . (iii) the experimental data of water permeability of cement pastes from literature show significant variation (see [18, 22, 37]) due to the differences in their microstructures. In this study, the emphasis is placed on the estimation of the influence of water saturation levels on water permeability of cement paste. The relative water permeability, rw, which is defined as the ratio of the intrinsic water permeability at a certain degree of water saturation (Sw) to the intrinsic water permeability in a fully saturated condition (Sw = 100%), is used to investigate the effect of water saturation in a quantitative manner. Fig. 13 shows the relative water permeability of cement paste as a function of water saturation. For cement paste with various curing ages, there is a significant drop in relative water permeability when the water saturation decreases from 100% to around 70%. This is followed by a less dramatic variation in relative water permeability with water saturation until the critical water saturation at which there is no connected liquid-filled pore network allowing water to pass through and the water permeability goes to zero.
The dependence of relative water permeability on water saturation for cement paste at different curing ages is slightly different, which can be ascribed to the different microstructure, particularly pore structure, of cement paste at different curing ages. The relative water permeability of 28-day old cement paste is more sensitive to a change in water saturation than that of cement paste at 1 and 7 days of curing. The reason for this is that 28-day old cement paste has a lower porosity and contains denser, less interconnected and more tortuous pore network, as a result of which the connectivity of liquid-filled pores in 28-day old cement paste is more significantly affected by water saturation, as shown in Fig. 9 . All these indicate that water permeability of cement paste at various saturation states is highly dependent on the 3D microstructure of cement paste.
For the purpose of validation, the experimental data obtained by Kameche et al. [5] are used and plotted together with the simulation results in Fig. 13 . It should be noted that there are only a very limited number of experimental studies on water permeability of partially saturated cementitious materials available due to the difficulty of measurement. In their experiment, the evolution of water permeability with the degree of water saturation was measured using ten concrete specimens with the same size from the same batch. A significant influence of water saturation on relative water permeability was observed, which is consistent with the simulations here. Although the specimens used in the simulations in this study are not exactly the same as those in their experiment, there is a very good agreement between the simulation results and their experimental data that the relative water permeability against water saturation follows a nonlinear (exponential or polynomial) trend curve with a satisfactory correlation coefficient. In addition, when the water saturation approached around 40%, the liquid water phase tended to be disconnected and the water permeability became very close to zero. This finding agrees very well with the simulation results that the critical water saturation is approximately 40% (see Figs. 9 and 13 for cement paste with curing ages of 1 and 7 days). Following a same modelling and simulation procedure as mentioned above, the intrinsic gas permeability of cement paste with various curing ages over the whole range of saturation can be obtained. Fig. 14 shows the intrinsic gas permeability against effective gas-filled porosity, which is determined by multiplying gas-filled porosity by connectivity of gas-filled pores at each water saturation state (see Fig. 10 ). Note that the gas permeability of cement paste is strongly dependent on the effective gas-filled porosity. The intrinsic gas permeability decreases as the water saturation increases and the effective gas-filled porosity decreases. When the effective gas-filled porosity is less than 2%, the intrinsic gas permeability tends to be very sensitive to effective gas-filled porosity. The reason for this is that the tortuosity of pore network is significantly influenced by effective porosity including porosity and pore connectivity. When the effective porosity is close to zero, the pore network would be complex and highly tortuous. As a result, it becomes difficult for fluid flow to permeate through such pore network and the fluid permeability would decrease sharply. Besides these, a unique relationship between the intrinsic gas permeability and effective gas-filled porosity being independent of curing age of cement paste can be observed. This result is similar to that for intrinsic water permeability as discussed above and further implies that the effective porosity plays a critical role in the estimation of fluid permeability. Fig. 15 shows the relative gas permeability, that is defined as the ratio between the intrinsic gas permeability at a certain saturation (Sw) and the intrinsic gas permeability in a fully dry condition (Sw = 0%), of cement paste at various curing ages as a function of water saturation. It can be seen that the relative gas permeability is highly influenced by water saturation. As the water saturation increases, there is a sharp decrease in the relative gas permeability for cement paste with various curing ages.
Compared to cement paste at 1 and 7 days, the decrease in relative gas permeability of 28-day old cement paste with increasing water saturation is more noticeable due to its relatively lower porosity, less interconnected and more tortuous gas-filled pore network at each saturation level, as shown in Fig. 10 .
As a comparison, the available experimental data of gas permeability of partially saturated concrete in the literature [5, 6, 38] are used and expressed in terms of relative gas permeability, which are also shown in Fig. 15 . It is worth pointing out that the experimental data given in [38] were collected from [11, [39] [40] [41] [42] . The simulation results show a general satisfactory agreement with the experimental data. It should be highlighted that the measured values of relative gas permeability obtained by different authors show a large variation. This can be explained by the different specimens they prepared and used for measurements, the microstructures of which would be not the same. This finding provides further support for one of the main conclusions of this study that the fluid permeability of unsaturated cementitious materials is strongly dependent on their microstructures. 
Conclusions
In this paper, an integrated modelling approach comprised of modified Shan-Chen multiphase lattice Boltzmann model, cluster-labelling algorithm and single-phase multi-relaxation-time lattice
Boltzmann model is presented to estimate the permeability of partially saturated cementitious materials. Firstly, the distribution of moisture (a mixture of liquid and gas) in 3D microstructures of cement paste obtained by high-resolution X-ray micro-CT over the full range of water saturation is simulated using a multiphase lattice Boltzmann model. Subsequently, the connectivity of liquid-filled and gas-filled pore network at each saturation level is quantified. Finally, the multi-relaxation-time lattice Boltzmann model is applied to simulate the water and gas flow through partially saturated cement pastes and obtain the corresponding water permeability and gas permeability. The influences of degree of water saturation and microstructure on permeability of cement paste are then investigated in a quantitative manner. Based on the findings of this study, the following conclusions can be drawn:
 At a certain degree of water saturation, the liquid phase covers the surface of solid phase and tends to fill the pores with smaller size, while the gas phase tends to occupy the central region of larger pores and forms many gas phase clusters. In addition, the distribution of liquid and gas in unsaturated cementitious materials depends not only on pore size but also on solid phase in terms of shape, size, connectivity and tortuosity, which are all included in the 3D microstructure of cementitious materials.
 There exists a critical water saturation at which the liquid-filled or gas-filled capillary porosity becomes disconnected. The critical water saturation is highly associated with microstructure. For cement paste with curing ages of 1, 7 and 28 days, the critical water saturations are found to be 35%, 41% and 56%, respectively.
 The degree of water saturation has a significant influence on both water permeability and gas permeability of cement paste with various curing ages. As degree of water saturation decreases, there is a gradual drop in water permeability followed by a sharp decrease when the water saturation level is approaching the critical water saturation. For all specimens, there exists a strong correlation between water (gas) permeability and effective water (gas) filled capillary porosity, which implies that effective porosity play a critical role in the estimation of transport properties of cementitious materials.
 The permeability of cementitious materials at various saturation states is strongly dependent on their 3D microstructures. The change in water (gas) permeability of 28-day old cement paste is more sensitive to a change in water saturation than that of cement paste at 1 and 7 days of curing.
This is attributed to the relatively lower porosity, and denser, less interconnected and more tortuous pore network in 28-day old cement paste.
 The simulated water permeability and gas permeability of cementitious materials as a function of water saturation show very good agreement with experimental data in the literature. Figures   Fig. 1 Micro-CT images of hydrating cement pastes with 200 µm in diameter and 100 µm in thickness with curing ages of (a) 1 day; (b) 7 days; (c) 28 days. The dark, grey and white phases represent capillary pore, hydration product and anhydrous cement grain, respectively 
